Tendon tears are a relevant concern for today's national health systems because of their social impact and high recurrence rate. The current gold standard for fixing tendon tears is surgical repair; however, this strategy is not able to fully re-establish tendon integrity and functionality. Tissue engineering approaches aim at promoting tissue regeneration by delivering the opportune signals to the injured site combining biomaterials, cells and biochemical cues. Electrospinning is currently one of the most versatile polymer processing techniques that allows manufacturing of nano-and micro-fibres substrates. Such fibrous morphology is deemed to be an ideal substrate to convey topographical cues to cells. Here we evaluated the potential of polycaprolactone processed by means of electrospinning technology for tendon tissue engineering. Fibrous free-of-defects substrate with random and aligned fibres were successfully fabricated. Rat tenocytes were used to assess the cytocompatibility of the substrates for application as tendon tissue engineered devices. Tenocytes were able to proliferate and adapt to the substrates topography acquiring an elongated morphology, which is the precondition for oriented collagen deposition, when seeded on aligned fibres. Real time Polymerase Chain Reaction (Rt-PCR) also revealed the overall maintenance of tenocyte phenotype over 7 days culture. To verify suitability for in vivo implantation, the level of inflammatory cytokine genes expressed by THP-1 cells cultured in presence of electrospun polycaprolactone substrates was evaluated. Inflammatory response was limited. The novel preliminary in vitro work presented herein showing tenocytes compatibility and limited inflammatory cytokines synthesis suggests that electrospun polycaprolactone may be taken into consideration as substrate for tendon healing applications.
Introduction
Tendons are subject to high tensile loads and can be torn as a result of overuse or trauma injury. 1 It has been estimated that rotator cuff damages account for 16% of the total musculoskeletal diseases 2 and that, in the US, the cost of the interventions is up to 30 billion US$ per year. 3 Currently, the gold standard of tendon repair technique consists of suturing the tendon stumps; however, the healing process is often unsatisfactory with the formation of scar tissue at the interface, which is weaker than natural tendon. 4 As a consequence, post-operative re-tear events are frequent with estimation around 17 and 57%. 5, 6 In particular, large tear size and increased patient age were found to be factors that increase the likelihood of re-tear events. 6 The advances in suturing techniques have been so far very limited and augmentation devices currently on the marked need to undergo more thorough testing before they become the gold standard for tendon repair; 7 therefore, it is commonly believed that more advanced tissue engineering techniques may aid tendon healing process, encouraging formation of new functional tissue. 8 Electrospinning is an increasingly popular technique that allows fabricating nano-and micro-fibres with varying orientations starting from a polymeric conductive solution. 9 Over the years this technology proved to be versatile, permitting to process a wide range of natural and synthetic polymers. [10] [11] [12] [13] [14] [15] [16] Fibrous scaffolds are deemed promising in the tissue engineering field as they can mimic the structure of extracellular matrix of the tendon which is predominantly composed of oriented collagen fibres. 17 Polycaprolactone (PCL) is a low glass transition temperature (about À60 C) a-polyester which has been widely studied because of its biocompatibility. In addition, it has been demonstrated that PCL can be easily electrospun (ES) by using a number of different organic solvents making it suitable for the fabrication of scaffolds for soft tissue repair. 18 ES PCL cytocompatibility properties have been studied using different adherent cell types; 12, [19] [20] [21] however, there is little research on cytocompatibility using somatic tendon cells. In addition, the inflammation processes triggered by the body that naturally occur upon ES PCL implantation have not been investigated in vitro using immune system cells.
In this study, we have evaluated the potential of ES PCL scaffolds with different fibre arrangements for the use in tendon tissue engineering. The response of rat tenocytes in contact with ES PCL was evaluated and, to the authors' knowledge, for the first time, the inflammatory cytokines gene expression in response to such scaffolds was studied using THP-1 monocytic cell line. 22 THP-1 cells were selected as model to simulate the response of peripheral blood mononuclear cells (PBMCs) which, once activated into macrophages, play a fundamental role in immune system response. 23 We therefore hypothesise that ES PCL scaffolds are suitable for tendon tissue engineering as they allow tenocytes growth and do not elicit inflammatory reaction.
Materials and methods

Samples preparation: electrospinning
The electrospinning apparatus (Ske, Milan, Italy) was equipped with a cylindrical collector (80 mm diameter) and a 30 kV power supply. The mandrel was covered with aluminium foil to facilitate the layer removal. The spinneret was mounted on a support able to move parallel to the drum collector thus ensuring an even aluminium foil coverage.
PCL (70-90 kDa) was dissolved in tetrahydrofuran: dimetylformamide or chloroform:dimetylformamide 1:1 and left stirring for at least 24 h prior to electrospinning. Polymer and solvents were all purchased from Sigma Aldrich (Milan, Italy). The process parameters, optimised to obtain flawless random and aligned PCL fibres of different diameters, are as follows: concentration 11-17% wt, 16-22 kV, spinneret to collector distance 16-20 cm, flow rate 2-3 ml/h, spinneret inner diameter 1 mm. Fibre arrangement, random or aligned was obtained by keeping the mandrel speed at 60 or 3000 r/min.
Samples imaging
ES PCL samples were observed with scanning electron microscope (SEM) (Sigma, Zeiss, Oberkochen, Germany). Samples were mounted on aluminium pin stubs covered with sticky carbon tabs, and then Au sputter coated (Polaron 5100, Laughton, UK). Samples were loaded into the SEM chamber and imaged at 5-10 kV acceleration voltage.
Layers thickness characterization
The thickness of the ES layers was assessed using an optical profilometer (Talysurf CLI 2000, Taylor Hobson, Leicester, UK). ES PCL strips were cut with a blade into approximately 1 Â 2 cm 2 and laid on Petri dishes, previously wetted with ethanol 70% solution in order to improve adherence and facilitate the elimination of air between the sample and the Petri dish. Each strip (three per sample) was scanned across the width in three different locations and the step between the Petri dish and the sample surface measured with the aid of the dedicated software. The edges of the step profile, which may have been affected by artefacts during the cutting procedure, were discarded and Petri dish curvature, if present, was also software corrected.
Fibre diameter measurement and orientation
Fibre diameter was evaluated by manually measure 30 randomly chosen fibres on three images per samples. Fibre orientation was calculated using an in-house developed software 24 written in Matlab. The angle of each fibre was computed in respect with a reference direction (i.e. mandrel rotational direction assumed as 90 ), returning the orientation distribution function (ODF). To represent the ODF, the 0-180 range was divided into 18 bins of 10 each and the percentage of fibres for each bin plotted as histogram.
Samples preparation for biological tests
Prior to cell culture ES PCL samples were cut into circular shape using a 10 mm punch, sterilised in ethanol for 30 min, and soaked into culture medium for 24 h in a 12-well tissue culture plate (TCP). Culture medium composition was as follows: Dulbecco's Modified Medium F12, foetal calf serum (FCS) 10% and antibiotic and antimycotic 100 and 25 mg/ml. Cell culture medium components were purchased from SigmaAldrich (Auckland, New Zealand). In order to prevent ES PCL samples to lift off, sterile metal rings were placed on top of the ES PCL layers.
Cell culture and seeding
Primary rat tenocytes were isolated through collagenase and dispase digestion, as previously described, 25 in accordance with the Animal Ethics Committee of The University of Auckland, New Zealand. Prior to usage, tenocytes were expanded in standard polystyrene tissue culture flasks. Once approximately 80% confluence was reached, cells were trypsinised and seeded at 3.2 Â 10 4 cells/cm 2 on ES PCL samples with random and aligned fibres (1.59 AE 0.49 and 1.72 AE 0.50 mm, respectively). Cells were incubated for 1 h to adhere prior to top up with medium. As negative control, standard TCPs were used. After one day culture the seeded ES PCL layers were moved to new wells in order to exclude cells attached to the bottom of the well. Medium with 5% FCS was changed every 2 days up to 7 days culture. For random and aligned fibres, 3 specimens were used for the quantitative viability assay, 2 for fluorescence microscopy imaging and 6 for RNA analysis. The experiment was run three times with tenocytes harvested from three different individuals.
Live/dead and morphology tests
At days 1, 3 and 7, cells were stained with live/dead staining kit (Life Technologies, Rockville, MD) by mixing the dyes (4 ml calcein AM and 0.4 ml ethidium homodimer) in 1.5 ml PBS with 10% FCS and incubating the cells for 15 min at 37 C. Cells were imaged using fluorescent microscope (CKX41, Olympus, Auckland, New Zealand) equipped with a mercury lamp and red and green filters. Images were used to semi-quantitatively evaluate the shape and elongation of cell bodies. Images acquired on the last day of culture were loaded in Image-j (National Institute of Health, USA) and processed as previously described. 26 
Viability test
Viability assays were performed using Alamar Blue (Life Technologies, Rockville, MD). Five percent Alamar blue was added to the culture medium of each specimen and left in incubator for 4 h. At the end of incubation time, three 100 ml aliquots were taken and pipetted into a 96-well plate. Fluorescence signal was measured using a plate reader (Synergy, Biotek, Winooski, VT) at 544/590 ex/em wavelength. The assay was run in triplicates at 1, 3 and 7 days time points.
Gene expression analysis
RNA was extracted from six specimens per type and time point using RNeasy minikit (Qiagen, Venlo, Netherlands). NanoDrop Lite spectrophotometer was used to verify the purity and quantity of the extracted RNA. cDNA for Real time Polymerase Chain Reaction (Rt-PCR) was obtained by means of reverse transcription using SuperScript III (Life Technologies, Rockville, MD). Multiplex rt-PCR was performed using TaqMan gene expression assay (Life Technologies, Rockville, MD). The genes analysed were: Collagen I and III, Osterix (Sp7), Runx2, Scleraxis (Scx), Tenascin (Tnc), Tenomodulin (Tnmd), Aggrecan (Acan) and Sox9. Gene primers were purchased from Life Technologies. 18S was selected as housekeeping gene. Fold change gene expression was calculated in respect to the housekeeping gene and to the control (TCP) on day 1 following the DDCt method.
27,28
Immunoresponse evaluation ES PCL samples with aligned and random fibres (0.46 AE 0.14 and 0.40 AE 0.15 mm fibre diameter, respectively) were analysed for the immunoresponse using human THP-1 cells (TIB-202, ATCC, Manassas, VA). THP-1 cells were cultured in standard tissue culture flasks for non-adherent cells and expanded to a suitable number. RPMI culture medium was used with 10% FCS, 1% penicillin/streptomycin and 1% sodium pyruvate. Cell culture medium components were purchased from Sigma-Aldrich (Auckland, New Zealand).
ES PCL specimens were cut and preconditioned as above described (n ¼ 3) and then incubated with cell suspension solution (1.5 Â 10 6 cells/sample). To keep the samples soaked at all times, the same metal rings used in the viability test with tenocytes were adopted. A positive control sample was prepared by adding Phorbol 12-myristate 13-acetate (PMA) 0.5 mM (Sigma-Aldrich, Auckland, New Zealand) 4 h after seeding to induce differentiation of THP-1 into macrophages as previously described. 29, 30 To prevent overstimulation, the medium with PMA was replaced with fresh medium after 3 h.
After 24 and 72 h, cell suspensions were removed from the wells and placed into new plastic tubes. Cells were isolated by centrifugation, medium was removed and cell lysate collection and rt-PCR were undertaken following the standard procedure as above described. Rt-PCR was carried out for the following genes: CCR7, CD163, IL-1b, IL-8, IL-12, TNF-a and TGF-b1, with 18S as housekeeping gene. Gene primers were purchased from (Life Technologies, Rockville, MD).
Statistics
T-Student and ANOVA statistical tests with Tukey's post-hoc comparison were computed using Prism (Graphpad, La Jolla, CA) software. P values smaller than 0.05 were considered significantly different. Results are shown as average and standard error mean (SEM). angle, the same angle that identifies the rotational direction of the drum collector.
Results
Electrospun fibres morphology
For the samples with random arrangement, the fibres distribution is not evenly distributed across all the directions (Figure 1(a) and (c)); the image analysis software was able to capture the slight anisotropy imparted by the mandrel rotating at the slowest speed allowed by the electrospinning apparatus.
The measurement by means of optical profilometer showed a thickness comprised between 37.80 and 88.67 mm which revealed to provide the samples sufficient mechanical strength and solidity to be safely handled.
Cell viability
Quantitative viability assay was performed by Alamar Blue assay over 7 days. The chart in Figure 2 shows a trend of increasing viability of all the samples, consistent with the higher number of cells observed using the fluorescence optical imaging. However, viability of cells on ES PCL has lagged behind the control from day 1 to day 7, although there is no difference on the growth rate as evidenced by the similar slope of the curves. It is very likely that exclusion of those cells attached to the bottom of the well containing samples could cause the reduction of number of cells available for Alamar Blue assay.
Live/dead imaging and cell morphology
Both random and aligned ES PCL fibres supported tenocytes growth and proliferation. Figure 3(a) to (i) show that the majority of the cells were alive (green) with only few dead cells (orange/red). On day 7 ( Figure  3(c), (f) and (i) ), there was an evident increase in cell number, which formed a monolayer covering almost all the surface area of both types of ES PCL layers. In addition, on day 7, there is a clear alignment of the cells parallel to the fibres direction on the sample with aligned fibres (Figure 3(i) ). This trend was already noticeable from day 3 (Figure 3(h) ) culture, though not as obvious as on day 7.
The live/dead assay also allowed to make quantitative evaluation of tenocytes elongation. The circularity parameter calculated on the three samples after 7 days of culture is shown in Figure 4 . The significantly (p < 0.05) lower value of circularity observed on tenocytes cultured on aligned fibres for 7 days confirms that cells were more elongated on the aligned fibres, as indicated by the fluorescence micrographs.
Tenocytes gene expression
In Figure 5 , the result of the gene expression analysis is reported. In general, the changes in expression of genes between the samples were not relevant, except from Acan which was expressed at significantly higher levels on the fibres, particularly random fibres, at day 7 compared with control on day 1. Expression of collagen I and III, Tnc, Tnmd, Sox9 and Runx2 on ES samples showed no significant variation in any sample or time point. Scx expression on the control significantly increased compared with all the samples on day 1; however, on day 7 there was no significant difference between the control and both the ES samples. Sp7 expression was not detectable.
Immunoresponse THP-1 cells were cultured in presence of the ES PCL layers to test the immunoresponse. Markers known to be relevant indicators of immune cells response in the inflammatory process were analysed by means of rt-PCR. T-Student statistical test between the two controls (with and without the metal ring blocking the ES specimens) revealed no significant difference for none of the markers analysed; therefore, for clarity, only the control with the ring is reported and used as reference ( Figure 6 ). As expected the major differences were found between the positive control (PMA stimulated cells) and both unstimulated cells and cells cultured on ES PCL layers. However, no significant difference in gene expression was observed between THP-1 cells cultured in presence of random and aligned ES PCL layers, and in TCP.
Discussion
Surgical repair using sutures is the current gold standard for ruptured tendon healing; however, despite a large number of different suturing techniques existing, 31 the outcome is often unsatisfactory 32, 33 as rejoining the tendon stumps leads to scarring tissue with altered composition 34 and mechanical properties. 35 Tissue engineering is the discipline that aims at restoring the physiological functionality of tissues by means of delivering cells on a scaffold into the damaged body part. Tendon restoration is especially challenging due to the high mechanical loads it is subject to and the poor cell density and vascularisation 36 that hamper the synthesis of extracellular matrix.
Here we showed that the electrospinning technology is able to process PCL, a well-known biocompatible and inexpensive polymer, 17 into fibres with different arrangements. Electrospinning has already been demonstrated to be one of the most reliable technologies to easily obtain substrates made of fibres in the nano-and micro-meter range. 36 Fibre alignment can be achieved using a parallel bar collector 38 or, as shown here, by adjusting the electrospinning drum collector speed. The alignment degree of the fibres was verified using a validated software 24 allowing to determine the fibre angle distribution. The distribution charts show a clear uneven angle distribution for the fibres obtained with the highest collector speed; however, a slight anisotropy is still detectable when using the lowest collector speed available on the electrospinning apparatus used. Being able of changing the fibre arrangement (i.e. alignment level) is pivotal to impart the scaffold anisotropic mechanical properties. It has been shown that the tensile strength and modulus of ES fibres varies dramatically when stretched along the main fibre direction compared with the perpendicular direction. 39 In addition, the mechanical properties (i.e. ultimate tensile strength and modulus) measured along the fibres main direction were superior than those measured on random fibres 40 thereby proving that anisotropic ES fibres have a more favourable arrangement for sustaining unidirectional tensile loads such as those which tendon is exposed to.
The focus of the present article is the evaluation of the cytocompatibility of ES PCL with primary tenocytes and the inflammation response that such scaffold elicits, which are equally important to the mechanical properties for the success of a tissue engineered scaffold. Rat tenocytes were used as model to test cell attachment and viability on ES PCL layers. Cell viability increase over 7 days culture can be attributed, at least in part, to cell proliferation as demonstrated by the cell density increase, evident in the live/dead assay images.
Despite the viability and live/dead assay showed no significant difference between cells seeded on randomly and aligned PCL fibres, cells seeded on aligned fibres showed to be affected by substrate topography. It is remarkable that tenocytes begun showing morphology adaptation after only 3 days culture. Tenocytes morphology change is in agreement with other works where these cells have been demonstrated to adapt to the scaffold topography on anisotropic scaffolds of different types. 26, [41] [42] [43] The qualitative evidence of tenocytes shape change provided by the live/dead assay was confirmed by the quantitative assessment, demonstrating the substantial topography influence of ES PCL substrates. The morphology change is critical for anisotropic tissue structure as tenocytes have been shown to assume, in vivo, an elongated shape, parallel to the tendon axis. 44 Tong et al. demonstrated that replicating the anisotropic tendon morphology on PDMS imprinted scaffold induces tenocytes alignment and elongation. 45 It has been shown that the preservation of elongated cell morphology is a key feature to maintain tenocytes phenotype, 46 and for the deposition of aligned collagen. 11, 41 In addition, in tendon development, it has been demonstrated that tenocytes elongated morphology is not the consequence of the adaptation to anisotropic collagen but, conversely, cells arrangement precedes the deposition of collagen in parallel bundles. 47 Therefore, the results reported here suggest that aligned ES PCL fibres may possess the proper anisotropic features for usage in tendon tissue engineering.
Tenocytes seeded on ES PCL layers were assessed for the expression of selected genes. Cells demonstrated no significant alteration of expression of genes considered benchmarks of tenocytic phenotype, Tnc, 48 Tnmd, 49 Coll I and Coll III, 50 except for Scx 51 which showed a significant increase in control sample at day 7 compared to day 1, paralleled by a small increase for aligned fibres. Scx expression, which is fundamental for tendon development, 51 may be increased with physiological-like scaffold mechanical stimulation as demonstrated on mouse model. 52 Sp7 expression was not detectable while Runx2 showed no significant upregulation therefore suggesting that differentiation towards osteoblastic lineage did not occur. 53, 54 Sox9 55 and Acan 56 expression was also assessed to verify any possible shift towards chondrocytic phenotype. While Sox9 showed no relevant change, Acan expression was subject to significant upregulation in cells seeded on aligned and especially random fibres. Despite Acan being a protein mainly synthesised by chondrocytes, its presence has been found in small amount in tendons. 1 Acan upregulation was found in healing supraspinatus tendons of rats 34 and in those of humans subjected to large tears 57 thereby suggesting that Acan expression is physiological in tendon repair process, and this healing response could explain its upregulation following exposure to the ES PCL fibres.
The fact that the second chondrocyte marker evaluated, Sox9, remained unchanged, as well as the other genes analysed, may indicate that an obvious shift towards fibrochondrocyte phenotype is not occurring.
In addition, Cook et al. observed tenocytes harvested from human morbid tendons demonstrating that the more severe the pathology is, the higher the ground substance content, notably paralleled by tenocytes rounding. 58 This is in contrast with the significant elongation herein observed on tenocytes cultured on aligned fibres.
The main tool for the evaluation of scaffolds efficacy is the assessment of attachment and proliferation of tissue-specific cells on the scaffold. Yet, the success of a cellularised scaffold upon implantation is also determined by its capacity of limiting the inflammatory immune system reaction. 59 Inflammation is a fundamental body mechanism to defend against external agents upon injury and trigger the reactions that allow restoring tissue homeostasis. 60 Inflammation is a transient condition which, in non-physiological setting, such as in chronic wounds, causes repair delay because of persistent ECM breakdown and tissue degeneration. [60] [61] [62] Considering the complexity of the biochemical reactions that characterise inflammation and the number of cells involved, we used THP-1 cells 22 as model to study the inflammatory response. This monocytic cell line has been widely adopted to simulate PBMCs after activation with PMA. 29, 63, 64 The main advantage over using primary PBMCs is the absence of individual variability. 23 Fuller et al. have recently published a study demonstrating that ES PCL does not affect THP-1 cells viability or proliferation, regardless the porosity. 65 In the present study we further assessed THP-1 cells response to ES PCL fibres, with different arrangements, evaluating the expression of key inflammatory markers. Culture medium added with PMA, which was used as positive control, induced significant upregulation of CCR7, CD163 and IL-1b while moderately increased the expression of IL-8, IL-12, TGF-b1 and TNF-a. IL-1b is one of the most important pro-inflammatory cytokine which is expressed by different cell types, including monocytes and macrophages, and affecting a large number of biological processes. 66 IL-12 is another potent pro-inflammatory cytokine produced by immune system cells, especially phagocytes. 67, 68 T cells and neutrophils are attracted by IL-8, which is synthesised by macrophages upon activation. 69, 70 Macrophages are also the main synthesisers of TNF-a, which is a pivotal factor for the regulation of inflammation. 71 TGF-b1 is expressed in both unstimulated and activated monocytes exerting biological effects on immune system cells, including macrophages themselves, regulating the inflammatory process in a complex interdependent manner. 72, 73 Assoian et al. had demonstrated an increase of TGF-b1 expression in PMAactivated U937 monocytic cell line; however, not paralleled by LPS-activated alveolar monocytes. 74 CCR7 is a membrane protein expressed upon differentiation into M1 inflammatory macrophages 75 as opposed to CD163 which has been shown to play an active role in the anti-inflammatory process; 76, 77 therefore, the CD163 upregulation obtained here in cells in presence of ES PCL substrates may represent a beneficial result. However the high expression obtained on PMA stimulated cells is in contrast with previous work performed on THP-1 cells. 78 This discrepancy may be ascribed to the higher concentration of PMA used in the present work, thus suggesting a concentration-dependent response of monocyte cell lines.
The lack or moderate upregulation of the inflammatory markers evaluated, suggests that ES PCL substrate does not elicit a significant THP-1 cells immune response. The limitations of this model are the short experimental time frame, which does not allow to take into account the effects of polymer degradation, and the assessment of the behaviour of only one cell type. It has been observed that over 27 days other immune system cells are activated by PCL presence responding with a transient inflammation: small fragments of low molecular weight are engulfed mainly by macrophages and giant cells. 79 In another in vivo test, Lam et al. found no relevant presence of leukocytes over 6 month. 80 Immune system in vitro tests have the advantage over animal models of being simpler, less expensive and allowing to focus on specific biological interactions bypassing the complex interactions occurring in whole organisms. 81 Nevertheless, despite the test presented herein showed the lack of significant THP-1 cells response is encouraging, further evidence needs to be sought utilizing complementary and more comprehensive in vivo models.
Conclusion
In this article the potential of ES fibres for application in tendon tissue engineering was presented. PCL scaffolds with aligned and random fibres were fabricated using the electrospinning technology and were tested for cytocompatibility with tenocytes. The results indicate that tenocytes attach and proliferate over 7 days culture and are able to adapt to the topographic features assuming an elongated shape on aligned fibres, which is an important precondition for the deposition of collagen in parallel bundles. Cells were also tested for gene expression showing the overall maintenance of the tenocyte phenotype. Eventually, a step forward towards a more comprehensive understanding of ES PCL interaction with cells was made by testing the response of immune cells. The demonstration of the absence of upregulation of some of the most important inflammatory factor genes is informative for future in vivo tests.
The positive results obtained herein are encouraging and offer the opportunity to further expand the current work. The actual synthesis of cytokines could be analysed as well as a quantitative morphometric analysis of tenocytes and THP-1 cells performed on the cytoskeleton. In perspective of the application for a tendon tissue engineered device it would be interesting to evaluate the contribution of cells to the mechanical strength.
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